SJ. Podocyte repopulation by renal progenitor cells following glucocorticoids treatment in experimental FSGS.
lining Bowman's capsule). These data show that in this model of experimental FSGS, prednisone augments glomerular repair by increasing podocyte number through direct effects on both glomerular epithelial cells. Prednisone limits podocyte loss by reducing apoptosis, and it increases regeneration by augmenting the number of podocyte progenitors. The data support a direct glomerular cell action for prednisone in improving outcomes in FSGS.
focal segmental glomerulosclerosis; apoptosis; proteinuria; glomerulosclerosis; prednisone; parietal epithelial cell; CD44; regeneration; repair FOCAL SEGMENTAL GLOMERULOSCLEROSIS (FSGS) is the leading cause of nephrotic syndrome in adults (21) . In this disease, the podocyte, a terminally differentiated epithelial cell, is the primary target of injury (36) . The subsequent decrease in podocyte number is a critical determinant underlying the development of glomerulosclerosis (11, 36, 42) . Although FSGS is typically considered a nonimmunological disease, immunosuppressive agents, such as glucocorticosteroids, are commonly used as first line therapy in clinical disease (16, 19) . In addition to immunomodulatory effects, the therapeutic benefit of glucocorticoids may be in part due to direct cellular actions on podocytes including limiting apoptosis (40, 41) , actin rearrangement (28) , downregulating podocyte cytokines (43) , and enhanced slit diaphragm complex protein synthesis (13) .
Several recent lines of evidence suggest that glomerular parietal epithelial cells (PECs) may serve as progenitor cells for podocytes, and thus may have a potential role in glomerular repair by replacing, in part or completely, any decrease in podocyte number (1, 30, (32) (33) (34) . Romagnani et al. (33, 34) reported a subset of parietal progenitors was present in normal human glomeruli. Moeller's group (1) showed that podocytes can derive from PECs in adolescent mice. We, and others, showed in certain experimental glomerular diseases such as FSGS, membranous nephropathy, and aging nephropathy that PECs begin to express proteins traditionally considered specific for podocytes, such as WT-1 and synaptopodin (25, 44, 45) . Some have called glomerular cells expressing both PEC and podocyte proteins as glomerular epithelial transitional cells or progenitor cells. However, to date no published reports show that this subpopulation of PECs becomes fully functional podocytes.
To our knowledge, the effect of corticosteroids on podocyte number is not known, nor is it known whether corticosteroids enhance glomerular repair by affecting the number of glomerular epithelial progenitor cells. The purpose of this study was to determine whether the positive effects of prednisone in FSGS might be due to an increase in the number of glomerular epithelial progenitor cells (defined as glomerular cells expressing a PEC and podocyte protein) in experimental FSGS characterized by reduced podocyte number.
MATERIALS AND METHODS

Animal Model
Experimental FSGS mouse model. We previously reported that giving mice sheep anti-glomerular antibody leads to features consistent with classic FSGS: reduced podocyte number, focal glomerulosclerosis, and proteinuria (21) . This model differs from an antibodyinduced mouse model characterized by glomerular epithelial cell proliferation (17, 23, 39) . In this study, baseline data were collected on B6129SV/j mice before experimental FSGS was induced by administration of sheep anti-glomerular antibody (12.5 mg/20 g body wt, for 2 consecutive days) as we previously reported (25, 27, 38, 45) . On day 3 of disease, mice were randomized into three groups: 1) seven mice were killed at day 3, 2) 12 age-and weight-matched mice were randomly assigned to receive prednisone (5 times weekly subcutaneous injection of prednisone 1 mg/kg body wt), and 3) 12 diseased mice were assigned to the untreated disease control group to receive DMSO, the vehicle for prednisone. After 2 wk of disease, six animals from the prednisone group, and six from the untreated group, were randomly selected for urine measurement, and then killed. The remaining animals in each group continued to receive prednisone or DMSO until 4 wk, when urine was collected, followed by death. A group of normal age-and weight-matched mice was killed at weeks 2 (n ϭ 3) and 4 (n ϭ 3) to ensure changes were not age related. Mice were housed in the animal care facility of the University of Washington under standardized pathogen-free conditions with food and water available ad libitum. These studies were reviewed and approved by the University of Washington Institutional Animal Care and Use Committee.
Urine Collection and Urine Protein Assay
Mice were placed into individual metabolic cages overnight and spontaneously voided urine was collected for 12 h before disease induction, and 12 h before death. Urine protein concentration was determined using the sulfosalicylic acid method, and urine creatinine was determined using a colorimetric micro-plate assay (Oxford Biomedical Research, Oxford, MI and Cayman Chemical, Ann Arbor, MI), as we previously reported (45) .
Immunohistochemistry Staining
Single staining. Indirect immunoperoxidase staining was performed on formalin-fixed biopsies as previously reported in detail (44, 45) for p57 (podocyte number), synaptopodin (podocyte density), and CD44 (PEC activation). A rabbit anti-Kip2 p57 polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA), mouse anti-synaptopodin (SYNA, podocyte cytoplasm protein) antibody (Fitzgerald, Concord, MA), and mouse anti-CD44 monoclonal antibody (Abcam) were used and visualized with diaminobenzidine (DAB), brown color (Fisher).
Double immunohistochemistry staining methods. To identify and quantitate the number of glomerular epithelial progenitor cells that express both podocyte and PEC proteins, and to measure the number of proliferating cells, double staining was performed as we previously reported in detail (44, 45) . To measure phosphorylated extracellular signal-regulated kinase 1 and 2 (p-ERK1/2), double staining for p-ERK with PAX2 and WT-1 was performed. The following primary antibodies were used: rabbit anti-rat paired box gene 2 (PAX2, PEC nuclear protein, Zymed Laboratories, South San Francisco, CA), rabbit anti-Wilms' Tumor-1 (WT-1; podocyte nuclear protein) antibody (Santa Cruz Biotechnology), mouse anti-synaptopodin (SYNA, podocyte cytoplasm protein) antibody (Fitzgerald), rabbit anti-Ki-67 (Ki-67, proliferating cell nuclear protein) antibody (Thermo, Fremont, CA), rabbit anti-Kip2 p57 (p57, podocyte nuclear protein) polyclonal antibody (Santa Cruz Biotechnology), and rabbit anti-phospho-p44/42 MAPK (ERK1/2; Thr202/Tyr204; Cell Signaling Technology, Boston, MA). Staining was visualized with the Vector SG substrate kit, blue/gray color and the Warp Red Chromogen Kit, red color (Biocare Medical) and DAB. Double immunofluorescence staining for caspase-3 and synaptopodin was performed to measure podocyte apoptosis using a rabbit anti-cleaved caspase-3 (Asp175) antibody (Cell Signaling) (23, 24, 35) . Cleaved caspase-3 was visualized with Alex 594, red color (Invitrogen) and synaptopodin was visualized with Alex 488, green color (Invitrogen).
Immunofluorescence Staining
Sheep IgG immunofluorescence staining. To ensure that the effects of prednisone were not due to a decrease in the binding of the anti-glomerular antibody, sheep IgG was stained at 2 and 4 wk using a rabbit anti-sheep IgG H&L (FITC) polyclonal antibody (Abcam, Cambridge, MA) as reported previously (26) .
Sirius Red Staining
To measure glomerular sclerosis, Sirius red staining was performed (20) . Sections were treated with 0.2% phosphomolybdic acid (MP Biomedicals) for 5 min and then exposed to Picro-Sirius red (Polysciences & Sigma) for 90 min at room temperature, rinsed briefly with acidified water (0.01% HCl) before dehydration and mounting.
Quantitation and Statistical Analysis
Quantification of positively stained cells was performed on individual animals at each time point using a combination of bright field and fluorescent microscopy as we reported (44, 45) . Double positive progenitor cells were identified as follows. The presence of blue/gray color in the nucleus by bright field microscopy indicated positive staining for PAX2. If the same nucleus also showed the presence of red color by fluorescent microscopy, this indicated positive staining for WT-1. Or, if the same blue/gray nucleus also showed the presence of brown color in the cytoplasm by bright field microscopy, this indicated positive staining for synaptopodin. This cell was then considered a double positive cell, and the number of these cells within the entire glomerulus [defined as the total number of positive cells lining Bowman's capsule (BC) and in the glomerular tuft] was quantitated. PAX2 and p-ERK, WT-1 and p-ERK double positive cells were defined as the presence of blue/gray color in the nucleus, and brown color in the cytoplasm by bright field microscopy.
Image J software was used to measure the intensity of synaptopodin according to The Image J User Guide (Version 1.44). Briefly, the pixel density represented by synaptopodin staining was measured in each individual glomerulus. This value was divided by the pixel density representing the glomerular tuft area in each individual glomerulus as we described previously (39, 45) . The intensity in synaptopodin staining was shown as a percentage of the glomerular tuft area.
Glomerulosclerosis was determined using Sirius red staining, and graded quantitatively by the percentage of glomerular tuft area involvement as follows and as previously reported (30) : score 0, no sclerosis; score 1, Ͻ25%; score 2, 25-50%; score 3, 50 -75%; score 4, 75-100%. Global sclerosis means the glomeruli with over 75% tuft area scleroses, which is score 4.
The mean number of glomeruli analyzed was 45 (95% confidence interval: 18 -68) per animal. For multiple comparisons, one-way ANOVA was used and post hoc analyses were performed by least significant difference test. Paired-samples t-test was performed when animal number was equal in each group. Pearson correlation coefficient (r value) analysis was performed on two correlated variables, podocyte number and sclerosis grade, synaptopodin staining intensity and sclerosis grade. P Ͻ 0.05 was considered significant. All values were expressed as means Ϯ SE.
RESULTS
Prednisone Improves Renal Function in Experimental FSGS
Proteinuria was measured to determine whether kidney function improved in prednisone-treated mice. As expected, the urinary protein:creatinine ratio increased in untreated control mice with FSGS given DMSO at 2 wk (25.4 Ϯ 3.2 vs. 9.1 Ϯ 1.1, normal age-matched mice, P Ͻ 0.001) and at 4 wk (29.0 Ϯ 8. Untreated mice with FSGS not only had a higher sclerosis index within glomeruli, but also had a significantly higher percentage of glomeruli with global sclerosis (glomeruli with score 4) at 2 wk (27 Ϯ 3.3 vs. 0%, normal mice, P Ͻ 0.001) and 4 wk (23 Ϯ 3.9 vs. 0%, normal mice, P Ͻ 0.001). Prednisone treatment of mice with FSGS decreased the percentage of glomeruli with global sclerosis both at 2 wk (7.9 Ϯ 1.7 vs. 27 Ϯ 3.3%, untreated mice with FSGS, P Ͻ 0.01) and at 4 wk (11 Ϯ 2.4 vs. 23 Ϯ 3.9%, untreated mice with FSGS, P Ͻ 0.01; Fig. 2E ). These data show that prednisone augments repair by significantly reducing glomerular scarring in this model.
Prednisone Reduces Glomerulosclerosis in Experimental FSGS
Prednisone Does Not Affect the Binding of the Anti-Glomerular Antibody
Although prednisone was administered for the first time at 3 days after disease induction and therefore antibody deposition, immunostaining for the disease-inducing sheep anti-glomerular antibody was performed. As expected, there was no difference in staining for sheep IgG within the glomerulus between untreated and prednisone-treated mice with FSGS at all time points (data not shown).
Prednisone Increases Podocyte Number in Experimental FSGS
Podocyte number and density were quantitated by the number of glomerular cells staining for p57, and the intensity of synaptopodin staining, respectively. Similar to what we previously reported in this model (5, 6) , Fig. 3 shows that in this study, podocyte number was significantly decreased by day 3 of FSGS (6.3 Ϯ 0.4 vs. 9.5 Ϯ 0.5 baseline, p57-positive cells/glomerular cross section in baseline normal mice, P Ͻ 0.001). To mimic the typical clinical scenario, prednisone in this study was first given at day 3, when podocyte number was already depleted. In untreated mice with FSGS (those given DMSO), reduced podocyte number persisted at 2 wk (5.6 Ϯ 0.4 vs. 9.5 Ϯ 0.5/glomerulus, baseline normal mice, P Ͻ 0.001) and at 4 wk (6.1 Ϯ 0.4 vs. 9.5 Ϯ 0.5/glomerulus, baseline normal mice, P Ͻ 0.001; Fig. 3E ). In contrast, podocyte number was significantly higher in prednisone-treated mice with FSGS at 2 wk (7.1 Ϯ 0.2 vs. 5.6 Ϯ 0.4 p57-positive cells/glomerular cross section in untreated mice with FSGS, P Ͻ 0.05) and 4 wk (7.4 Ϯ 0.3 vs. 6.1 Ϯ 0.4/ glomerulus, untreated mice with FSGS, P Ͻ 0.01; Fig. 3E ). These data showed that prednisone treatment, initiated following podocyte depletion and after the onset of proteinuria in mice with FSGS, was associated with a higher number of podocytes (measured by p57 staining) compared with untreated diseased mice.
Synaptopodin stains podocytes specifically, and the intensity of synaptopodin staining measured by computer densitometry can be used as a measure of podocyte density (23, 39) . The intensity in synaptopodin staining decreased in untreated mice with FSGS at 2 wk (34 Ϯ 5.9 vs. 59 Ϯ 6.7%, area synaptopodin staining/glomerular tuft cross section area in normal mice, P Ͻ 0.001) and 4 wk (39 Ϯ 3.0 vs. 58 Ϯ 7.3%, normal mice, P Ͻ 0.001). Prednisone treatment significantly increased synaptopodin staining intensity at 2 wk (46 Ϯ 5.1 vs. 34 Ϯ 5.9%, area synaptopodin staining/glomerular tuft cross section area in untreated mice with FSGS, P Ͻ 0.01). There was no significant difference between treated and untreated mice with FSGS at 4 wk. These data showed that prednisone treatment initiated after the initial decrease in podocyte number in mice with FSGS was associated with a higher intensity in synaptopodin staining compared with untreated diseased mice.
Finally, the degree of glomerulosclerosis described earlier was correlated with the changes in podocyte number in treated and untreated mice with FSGS. There was a positive correlation between p57-positive cells/glomerular cross section and glomerulosclerosis index, r ϭ Ϫ0.701, P Ͻ 0.001. There was also a positive correlation between expression intensity of synaptopodin/glomerular cross section and glomerulosclerosis index, r ϭ Ϫ0.737, P Ͻ 0.001. Taken together, the increase in podocyte number in the prednisone-treated group correlated significantly with decreased glomerulosclerosis.
Prednisone Decreases Podocyte Apoptosis in Experimental FSGS
To determine whether prednisone-induced changes in podocyte number were due to effects on cell survival, as we have described in cultured cells (40, 41) , double staining for caspase-3 and synaptopodin was performed to assess the magnitude of podocyte apoptosis. Caspase-3 Podocyte number remained low in mice with FSGS mice given DMSO at 2 and 4 wk (dotted line). Podocyte number increased significantly in mice with FSGS given prednisone (solid line) at 2 and 4 wk. These data show that when prednisone is administered following abrupt podocyte depletion, podocyte number increases compared with controls.
These data suggest that prednisone significantly reduced podocyte apoptosis in experimental FSGS that occurred between 3 days and 2 wk. This may partially explain why podocyte number was higher in experimental FSGS mice treated with prednisone compared with untreated mice.
Prednisone Has No Effects on Podocyte Proliferation
Because the increase in podocyte number following prednisone treatment was greater than the decrease in apoptosis, we next sought to determine how prednisone might lead to higher podocyte number in mice with FSGS. To determine whether the increase was due to podocyte proliferation, double staining for Ki-67 and p57 was performed, and the results are shown in Fig. 5 . Staining for Ki-67 was not detected in the glomerular tuft in treated or untreated mice with FSGS, and therefore no double staining for Ki-67 ϩ /p57 ϩ was detected (Fig. 5) . However, similar to what we previously reported (44, 45) , staining for Ki-67 was detected in cells lining BC in mice with FSGS given DMSO and prednisone. To determine whether this translated to an increase in PEC number, the number of PAX2-positive cells lining BC was quantitated. PAX2
ϩ -stained cells increased significantly in untreated mice with FSGS at 2 wk (3.7 Ϯ 0.2 vs. 2.5 Ϯ 0.1/glomerular cross section, normal mice, P Ͻ 0.01) and at 4 wk (3.2 Ϯ 0.2 vs. 2.5 Ϯ 0.1/glomerular cross section, normal mice, P Ͻ 0.05; pictures not shown). However, there was no significant difference in the number of PAX2 ϩ cells between FSGS mice that were treated vs. untreated (P Ͼ 0.05). These data show that podocytes do not proliferate in this model, but as reported (25, 44, 45) , PECs do.
Glomerular Progenitors Increase in Prednisone-Treated Mice With Experimental FSGS
The data show that the increase in podocyte number with prednisone suggested a possible effect on regeneration. We therefore next sought to determine whether prednisone increased the number of glomerular epithelial progenitors (defined as cells in the glomerulus expressing both PEC-and podocyte-specific proteins), double-immunostaining was performed and quantitated for PAX2 and synaptopodin (Fig. 6) , and for PAX2 and WT-1 (Fig. 7) , and the results were as follows.
PAX2 and synaptopodin staining. Figure 6 shows that in untreated mice with FSGS, the number of cells within the glomerulus that double stained for both PAX2 ϩ and synap- These data show that prednisone significantly increased the number of glomerular epithelial progenitor cells within glomeruli of mice with FSGS.
Prednisone Augments p-ERK1/2 in Experimental FSGS
We next sought to determine whether prednisone-induced changes in progenitor cell number were associated with changes in the ERK pathway, given its role in survival, proliferation, and differentiation. Double staining was performed for the PEC marker PAX-2, and for phospho-ERK (Fig. 9E) . -2) . B-1, B-2: mice with FSGS given DMSO: overall fewer p57 staining cells are detected; p57 staining is not detected in areas of sclerosis (*). At 2 wk, Ki-67 staining is detected in a cell lining Bowman's capsule, and at 4 wk positive staining is detected in a tubular cell. C-1, C-2: mice with FSGS given prednisone: at 2 wk, Ki-67 staining is detected in a cell lining Bowman's capsule, and at 4 wk positive staining is detected in a tubular cell. D1-3: negative controls (ϫ200 magnification). D-1: staining for Ki-67 was not detected when the primary antibody was omitted (dashed circles represent glomeruli with p57 staining). D-2: staining for p57 was not detected when the primary antibody was omitted (dashed circles represent glomeruli; arrow represents a positive Ki-67 cell). D-3: staining for p57 or Ki-67 was not detected when both primary antibodies were omitted (dashed circles represent glomeruli). These data show that podocytes do not proliferate in mice with FSGS given DMSO or prednisone. Ki-67 staining is detected in cells lining Bowman's capsule.
These data suggest that prednisone significantly increased activation of the ERK pathway in PECs, and in a subpopulation of p-ERK-positive PECs begin to express WT-1, which are likely progenitors.
Prednisone Decreases CD44 Expression in Experimental FSGS
Finally, we investigated CD44 expression in response to prednisone in mice with FSGS. CD44, a protein responsible for cell migration, interaction, and adhesion, is detected in activated PECs where it may play a key role in the formation of sclerosis (10, 37) . CD44 staining was not detected in glomeruli in normal mice, but was detected in occasional tubular cells, indicating that the absence of glomerular staining was not a false negative (data not shown). The percentage of glomeruli staining positive for Ն1 CD44-positive cell was significantly increased in untreated mice with FSGS at 2 wk (6.3 Ϯ 1.7 vs. 0%, normal mice, P Ͻ 0.01) and at 4 wk (10.4 Ϯ 2.3 vs. 0%, normal mice, P Ͻ 0.001; staining not shown). Prednisone decreased the percentage of glomeruli with CD44-positive cells in mice with FSGS at 4 wk (5.6 Ϯ 0.8 vs. 10.4 Ϯ 2.3%, untreated mice with FSGS, P Ͻ 0.05), but not at 2 wk. At 4 wk, the decrease in the number of glomeruli expressing CD44 correlated with the decrease in glomerulosclerosis (r ϭ 0.587, P Ͻ 0.01).
These data suggest that prednisone decreases the expression of CD44, a marker of PEC activation, in diseased glomeruli in this model.
DISCUSSION
The clinical benefits of corticosteroids in subsets of FSGS patients with nephrotic syndrome are well-described (8, 21) . However, to date, there is little direct evidence supporting any systemic immune changes in most forms of FSGS. This raises the possibility that the benefits of corticosteroids may be direct cellular effects (36) . In this study, we show that following an abrupt depletion in podocyte number in mice with experimental FSGS, prednisone administration increases podocyte number by augmenting regeneration of podocyte progenitors. This correlated with reduced proteinuria and glomerulosclerosis.
A decrease in podocyte number in FSGS portends a poor prognosis, as it is an independent determinant and predictor for the development of proteinuria and progressive glomerulosclerosis (11, 12, 14, 15, 36, 42) . Because podocytes lack the cell cycle machinery necessary to adequately replace any decrease in their cell number, repair is limited. This begs the question how prednisone might lead to enhanced glomerular repair in FSGS? Accordingly, we used a mouse model of FSGS for these studies characterized by podocyte depletion that we previously reported (25, 38, 45) . This model differs from an antibody-induced mouse model characterized by glomerular epithelial cell proliferation and pseudo-crescent formation (17, 23, 39) . The model utility of the model used in this study was further validated by the data showing that prednisone augments glomerular repair measured by a reduction in proteinuria, and in glomerulosclerosis.
The first major finding in this study was that podocyte number and podocyte density, measured by p57 and synaptopodin staining, respectively, were higher in mice with FSGS given prednisone compared with control mice with FSGS given the vehicle DMSO (untreated group). Importantly, mice were first administered prednisone (or DMSO) 3 days after disease induction, when podocyte number had already declined significantly, and proteinuria was already present. The effect of prednisone was not due to changes in disease induction, because immunofluorescent staining for the cytotoxic diseaseinducing anti-podocyte antibody was similar in the treated and untreated mice. The enhanced number of podocytes correlated directly with reduced glomerulosclerosis. To our knowledge, this is the first report in experimental glomerular disease that prednisone enhances glomerular repair by increasing podocyte number. Although several studies used WT-1 staining to quantitate podocyte number, WT-1 staining has also been detected in cells lining BC (2, 25, 33, 37, 44, 45) . Accordingly, we prefer p57 staining which in glomeruli is restricted to podocytes (18) .
To determine whether the higher podocyte number in the prednisone-treated group was due to proliferation, Ki-67 staining was performed. Similar to our previous reports in this model (44, 45) , podocyte proliferation was not detected. However, as we reported, a subpopulation of PECs expresses Ki-67, and PEC number increases along BC.
Because we previously showed that corticosteroids reduce podocyte apoptosis in cultured cells (41), we next asked whether prednisone might affect podocyte number by directly enhancing podocyte survival in vivo. In the model used, the binding of the cytotoxic antibody to podocytes acutely depletes podocyte number within the first days of disease due to necrosis, apoptosis, and detachment (5, 6) . A second finding in this study was that administering prednisone to mice with FSGS at day 3 of disease reduced the magnitude of podocyte apoptosis (measured by caspase-3 and synaptopodin double staining) later at 2 and 4 wk of disease.
Several direct cellular actions of prednisone have been shown on podocytes. These include limiting apoptosis (40, 41) , actin rearrangement (28), downregulating podocyte cytokines (43) , and enhanced slit diaphragm complex protein synthesis (13) , etc. The data in this study are consistent with prednisone having direct biological effects on podocytes in vivo, by improving survival/reducing apoptosis.
Because the decrease in podocyte apoptosis in the absence of proliferation did not readily explain the increase in podocyte number in prednisone-treated mice, we next sought to determine whether prednisone increased podocyte regeneration by increasing podocyte progenitors. PEC progenitors are defined herein as cells that coexpress proteins considered specific for PECs and podocytes. The third major finding in this study was that prednisone increased the number of PEC progenitors at 2 and 4 wk of disease compared with untreated mice. Noteworthy was that PEC progenitors were detected along BC (normal location of PECs), and within the glomerular tuft (normal location of podocytes). These data suggest a possible direct biological effect of prednisone on PECs.
The rationale to study PECs as progenitors follows several paradigm-shifting studies that elegantly provided evidence that podocyte number can be increased under certain circumstances independent of proliferation (3, 29, 34) . This is possibly because PEC progenitors normally reside along BC (2, 30 -34) . When human PEC progenitors are isolated and grown ex vivo, and are then injected into mice, they track to the glomerulus (34) . Reporter mice showed that PECs are podocyte progenitors in adolescent mice (22) . In experimental FSGS models (25) , experimental membranous nephropathy (25) , and aging (44) , the number of PEC progenitors increases as podocyte number decreases. In this context, the data from the current study support the notion that prednisone increases the number of PEC progenitors in experimental FSGS. The data from the current study suggest that we can add prednisone to the list of other agents that improve podocyte regeneration by augmenting the number of PEC progenitors including ACE inhibitors (4), retinoids (45), notch inhibitors (22) , and blockade of the chemokine stromal-derived factor-1 (9) .
The signaling events underlying an increase in PEC progenitor number are not fully understood to date. In this study, we focused on phospho-ERK, because it has effects on survival, differentiation, and proliferation in several epithelial cells (7, 41) . A fourth finding in this study was that staining for phospho-ERK increased significantly in PECs in disease. Moreover, the number of PEC progenitors lining BC identified as WT-1-positive that coexpressed phospho-ERK increased further when prednisone was administered. These results suggest, but do not prove, that ERK is important in increasing the number of PEC progenitors and that prednisone augments this pathway. We attempted to extend these studies to cultured PECs, but as we previously reported, inhibiting ERK led to substantial PEC apoptosis, which limited this mechanistic approach (7) .
Finally, we studied CD44, a protein responsible for cell migration, interaction, and adhesion. Some have suggested that the presence of CD44 indicates "activated" PECs and that CD44 may play a key role in migration of these cells resulting in subsequent formation of sclerosis (1, 10, 37) . The data in this study show that prednisone significantly reduced the percentage of glomeruli expressing CD44 in FSGS, which correlated with a decrease in glomerulosclerosis. Thus, one interpretation is that prednisone has a direct effect on PECs to reduce "activation."
In summary, we provide evidence that when prednisone is given to mice with experimental FSGS at a time when podocyte number was already decreased, glomerular repair is augmented. Prednisone increases podocyte number, and this correlates with reduced proteinuria and decreased glomerulosclerosis. This may be due to direct biological effects on both glomerular epithelial cells, by reducing podocyte apoptosis and by enhancing podocyte regeneration by increasing the number of PEC progenitors. The latter is accompanied by increased phospho-ERK expression. Further studies are needed to resolve whether the decrease in PEC activation (CD44 expression) by prednisone is a direct cellular effect on PECs, and/or is due to an indirect effect by improving podocyte number.
